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Bioretention cells are a popular control strategy for stormwater volume and quality, but 
their efficiency for water infiltration and nutrient removal under cold climate conditions has 
been poorly studied. In this work, soil cores were collected from an active bioretention cell 
containing engineered soil material amended with a phosphate sorbent medium. The cores 
were used in laboratory column experiments conducted to obtain a detailed characterization 
of the soil’s bioretention performance during six consecutive freeze – thaw cycles (FTCs, 
from −10 to + 10 °C). At the start of each FTC, the experimental column undergoing the 
FTCs and a control column kept at room temperature were supplied with a solution 
containing 25 mg/L of bromide, nitrate and phosphate. Water saturated conditions were 
established to mimic the presence of an internal water storage zone to support anaerobic 
nitrate removal. At the end of each FTC, the pore solution was allowed to drain from the 
columns. The results indicate that the FTCs enhanced the infiltration efficiency of the soil: 
with each successive cycle the drainage rate increased in the experimental column. 
Freezing and thawing also increased the saturated hydraulic conductivity of the bioretention 
soil. X-ray tomography imaging identified a key role of macro-pore formation in 
maintaining high infiltration rates. Both aqueous nitrate and phosphate supplied to the 
columns were nearly completely removed from solution. Sufficiently long retention times 
and the presence of the internal water storage zone promoted anaerobic nitrate elimination 
despite the low temperatures. Dissolved phosphate was efficiently trapped at all depths in 















effluent. These findings imply that, when designed properly, bioretention cells can support 
































Bioretention cells are urban stormwater control systems made of a depression in the 
ground, typically covered by mulch and a wide range of plants, and where the original soil 
has been replaced by an engineered medium designed to enhance water infiltration and 
promote contaminant removal. Bioretention cell efficiency for nutrient removal and water 
infiltration has been extensively studied under temperate climate conditions (Hunt et al., 
2012; Roy-Poirier et al., 2010). Even though nitrogen and phosphorus removal rates are 
often strongly variable, specific design strategies have proven effective at limiting nutrient 
export out of the system. For example, the implementation of a saturated internal water 
storage zone can be used to support denitrification (Dietz and Clausen, 2006; Kim et al., 
2003), and various engineered media amendments, such as fly-ash, water treatment 
residual, red mud, and alum can be added to promote sustainable phosphorus adsorption 
(Lucas and Greenway, 2011; O'Neill and Davis, 2012; Yan et al., 2016; Zhang et al., 2008). 
Conversely, the performance of bioretention cells is not well known. Freezing and thawing 
cycles (FTCs) in particular are known to affect natural soil structure by destabilizing soil 
aggregates, in particular for soils with high water contents. The relocation of destabilized 
aggregates can clog some of the soil pores and reduce the infiltration capacity (Hayashi, 
2013). Moreover, FTCs typically affect microbial activity and diversity and therefore the 
speciation and mobility of various chemical elements (Campbell et al., 2005; Matzner and 
Borken, 2008). Even though lower temperatures result in slower microbial activity, the 















produce readily bioavailable organic carbon that support denitrification upon thawing 
(Christensen and Christensen, 1991).  
Engineered soil media used in bioretention cells have a high sand content in order to 
maintain high hydraulic conductivity. For example, in southern Ontario, bioretention media 
are recommended to consist of 85 – 88 % sand (0.050 – 2.0 mm), 8 – 12 % fines (< 0.050 
mm), and 3 – 5 % organic matter, and to support infiltration rates greater than 25 mm/h 
(Dhalla and Zimmer, 2010). In such sandy soil media, the effects of freezing and thawing 
on soil structure and nutrient removal are unclear due to a lack of research on the topic. For 
countries where winter temperatures are frequently below freezing, a better characterization 
of FTC effects on bioretention performance is critical to guarantee their functioning 
throughout the year, especially during early winter and early spring when repeated soil 
freezing and thawing is a common occurrence.  
To date, some studies have described the performance of bioretention cells under cold 
temperate climate conditions, but for soil temperature > 0°C (e.g., Blecken et al. (2010), 
Khan et al. (2012a; 2012b)). However, many research gaps still exist (Kratky et al., 2017). 
In particular, very limited research has incorporated experimental conditions leading to 
successive freezing (soil surface temperature < 0°C) and thawing (soil surface temperature 
> 0°C) of bioretention soils (Al-Houri et al., 2009; Denich et al., 2013; Géhéniau et al., 
2015; Moghadas et al., 2016; Muthanna et al., 2007; Muthanna et al., 2008; Valtanen et al., 
2017). Several authors reported reduced infiltration rates during the freezing period due to a 
reduction in pore availability (Al-Houri et al., 2009; Muthanna et al., 2008), and increased 
infiltration rates upon thawing (Denich et al., 2013; Moghadas et al., 2016; Valtanen et al., 















explanation of the observations. Mechanism-oriented research is needed to characterize 
hydrological and contaminant transfer and transformation processes in bioretention cells 
undergoing freezing and thawing cycles (Kratky et al., 2017). 
The methodologies used in soil FTC experiments have taken many forms, which makes it 
difficult to compare results among various experiments and relate them to real field 
conditions (Henry, 2007). Frost depths are usually limited to the top few centimetres of the 
soil due to the temperature buffering effect of snow cover, soil, mulch, and vegetation 
(Henry, 2007). Indeed, sub-zero air temperatures do not necessarily translate into sub-zero 
temperatures across the soil profile (Fach et al., 2011). A review by Henry (2007) reported 
that soils rarely freeze below 5 cm in depth, even though deeper frost depths, up to 20 cm 
have been observed both in natural (Henry (2007) and references therein) and bioretention 
soils (Géhéniau et al., 2015; Roseen et al., 2009; Valtanen et al., 2017). Occasionally, in 
some areas of the world such as in west Canada, frost depths are highly variable and can go 
down to −45 cm (Christensen et al., 2013; He et al., 2015). The number, frequency, and 
amplitude of FTCs, as well as the target freezing temperature and the rate at which this 
temperature is first reached can have irreversible negative impacts on soil microorganisms 
and result in larger than expected effects on parameters and processes, such as soil structure 
and nutrient fate and transport (Henry, 2007).  
In the present study, an experimental soil column set-up was used to freeze / thaw the top 5 
cm in an undisturbed soil core collected from an active bioretention cell in a cold climate 
region. By imposing successive cycles of freezing and thawing on the bioretention soil 
column, the objectives of this study were to (1) characterize changes in bioretention 

















) and phosphate (PO4
3−
) supplied at the top of the columns. In order to relate 
the observations to the FTCs, a control experiment with a column containing the same soil, 
but maintained at a constant room temperature, was also carried out.  
 
2. Materials and Methods 
2.1 Bioretention cell site and sample collection 
Soil samples were collected in September 2015 from a bioretention cell located in Ajax, 
Ontario, Canada and installed between October and November 2014 (Appendix A: 
Supplemental Material (SM) Figure S1). The site is located in an urban catchment with a 
contributing 95% impervious area and receives runoff from a 4,160-m
2
 drainage area. The 
bioretention cell surface area is 488 m
2
 and the depth of the engineered soil medium is 50 
cm. The soil had mulch at the top and, prior to installation, was amended with a medium 
enriched in iron and aluminum oxides (Sorbtive® media, Imbrium Systems), in a 
proportion of 3.1% by volume, for enhanced phosphorus removal. Four undisturbed soil 
cores of 7.5 cm inner diameter and 45 cm length were sampled by manually pushing into 
the soil a custom-made coring tube, fitted with a top cap to hold the soil in place upon 
retrieval. The soil cores were taken approximately 5 cm apart from each other to ensure the 
columns had comparable grain size distributions and received similar stormwater runoff 
loadings. No rooted vegetation was present where the samples were collected and more 
than 50% of the bioretention surface had no plants and only mulch on top of the soil. The 
















2.2 Experimental setup 
Three of the soil cores were used. They were inserted into the columns from the bottom by 
a custom-made lifting jack device that resulted in minimal disturbance (SM Figure S1). 
One core, the control column (CC), remained at room temperature, 22.9 ± 0.6 °C, 
throughout the entire experiment. Another core, the experimental FTC column (EC) was 
placed in an environmental chamber whose air temperature was controlled. The third core, 
referred to as the initial column, was sliced at 3 cm depth intervals to determine solid phase 
total organic carbon (TOC), total nitrogen (TN) and total phosphorus (TP). Given that the 
engineered soil was homogenized before installation in the bioretention cell, and that the 
cores were collected near each other, the compositional data obtained on the third (initial) 
core were considered adequate surrogates for the initial soil properties of the other two soil 
cores.  
In order to evaluate the effects of multiple FTC on bioretention performance, long-term 
experiments, consisting of six successive replicate injection experiments, were conducted. 
Contrary to single-injection short-term experiments in which replicates are key to draw 
reliable conclusions, the approach used in this study was validated by the consistency 
observed among the six time-series data. Moreover, in addition to the EC subject to FTC, 
the CC acted as a reference point to compare the EC results to. The CC also received six 
injections of the same injection solution and following the same schedule as for the EC. 
The CC and EC consisted of 45 cm bioretention soil to which 5 cm of mulch and plant 
debris from the site were added on top (Figure 1 and SM Figure S1). The CC and EC 
exhibited very similar particle size distributions, with 96-98% of particle mass in the sand 















best represent field winter conditions. A 150-W band heater was wrapped around the lower 
portion of the EC to maintain the temperature at 8 °C, which is representative of southern 
Ontario’s subsurface soil and groundwater temperatures (Conant, 2004; Gunther, 1980), 
leaving the top 5 cm of soil exposed to the chamber air temperature, which cycled between 
−10 and +10 °C (see below for details). In addition, approximately 5 cm of artificial snow 
was added on top of the EC at the beginning of each freezing period. The snow was 
equivalent to 94.4 ± 0.4 mL of water in each injection experiment, contributing to diluting 
the EC solute concentrations by approximately 23% compared to the CC (SM Figure S2). 
The use of the band heater, the absence of living plants, and the addition of the snow were 
chosen to simulate realistic winter conditions where the freezing depth is limited to the top 
of the soil, no living plants are present, and the snow acts as an insulation layer and 
provides dilution of contaminant concentrations upon thawing in the field. 
Porewater Micro-Rhizon samplers 5 cm in length and 2.5 mm in diameter (CSS5 
MicroRhizon™ samplers, Ejikelamp, Netherlands) were introduced horizontally into the 
soil matrix, at depths of 1, 4.5, 11, 23, and 32 cm below the soil surface in both columns. 
For each FTC, soil porewater samples were extracted 24 hours after the start of the 3-day 
long freezing period, 5 hours after the start of the 4-day long thawing period, and 24 hours 
after the end of the thawing period. After 1.5 days of thawing, the drainage on/off valves 
located at the bottom of each column were fully opened to allow for gravitational draining. 
Drainage effluent samples were collected every 5 to 60 min by letting the drainage water 
directly flow into graduated sample collection tubes, and drainage rates were measured by 















first five cycles (FTC 1 – FTC 5) were measured, as the drainage outlet of the EC 
malfunctioned during the last thawing period. 
 
2.3 Injection solution 
An injection solution containing 25 mg/L each of PO4
3−





(5.65 mg/L of NO3
−
-N), and bromide (Br
−
) was prepared in 0.01 M calcium chloride 
(CaCl2) to mimic highly contaminated surface runoff entering the bioretention cell, and a 





 concentrations were higher than typically found in average stormwater (Lee and 
Bang, 2000; Passeport et al., 2009). This was selected to test the bioretention performance 
under extreme nutrient loading conditions, thus placing the study in a worst-case scenario 
for water quality.  
 
2.4 Freeze – thaw cycles 
A total of six consecutive FTCs were conducted. Prior to the start of each FTC, the 
injection solution was added from the top into the EC and CC to the point of saturation, in 
order to mimic a bioretention cell design with an internal water storage zone. The soil was 
considered saturated when the water level just covered the plant debris in each column. In 
the field, internal water storage zones are typically designed below the top 10 to 30 cm of 
the soil. In this study, the whole depth of each soil column was saturated to evaluate the 
maximum effects of FTC, which were only applied to the top of the EC column. Note that 
the injection solution was added from the top of the columns, thus possibly leaving some 















at the end of each FTC, that is, upon thawing of the upper soil in the EC. Following the 
recommendations of Henry (2007), the temperature of the environmental chamber 
containing the EC was progressively lowered from room temperature to 0
 
°C over a span of 
14 days to prevent the soil from undergoing an abrupt temperature shock. Once stabilized at 
0 °C, the EC underwent a series of six FTCs, consisting of chamber air temperature cycles 
of −10 °C for 3 days (freezing) followed by +10 °C for 4 days (thawing). The 
corresponding temporal soil temperature profiles are shown in SM Figure S3. 
 
2.5 Aqueous sample analytical methods 
Aqueous samples collected from the five depths and the drainage effluents of the soil 
columns were filtered through 0.2-μm pore size membrane filters (Thermo Scientific 






, and sulphate (SO4
2−
, note that the 
injection solution did not contain SO4
2−
) by Ion Chromatography (IC, Dionex ICS-5000). 
One mL of each filtered sample was diluted and acidified with 2% HNO3 for analysis of 
total dissolved phosphorus (TDP), total dissolved iron (TDFe), total dissolved manganese 
(TDMn), and total dissolved sulphur (TDS) concentrations using Inductively-Coupled 
Plasma Optical Emission Spectroscopy (Thermo iCAP 6200 Duo ICP/OES). 
Concentrations of total dissolved nitrogen (TDN), dissolved organic carbon (DOC), and 
dissolved inorganic carbon (DIC) were measured using the non-purgeable organic carbon 
method on a total organic carbon analyzer (Shimadzu TOC-LCPH/CPN). Samples for DOC 
analysis were mixed with 20 μL of 1 M HCl. Further details on the method detection limits 
















2.6 Soil chemical and physical characterization 
Before the first artificial stormwater injection experiment, a 200-mL volume of 0.01 M 
CaCl2 with no other chemicals was injected and allowed to drain gravitationally to compare 
the initial drainage rates of both columns (SM Section S6 Figure S5). At the end of the 
experiments, the soil columns were fully drained, extruded, and sliced every 3 cm. An 
undisturbed soil core sample was collected near the top (depth interval: −2 to −4 cm) of 
both the CC and EC. Note that only the top 5 cm of the EC soil experienced freezing and 
thawing. The samples were analyzed by X-ray tomography with a Skyscan 1173 X-ray 
micro-computed tomography (XR-µCT) instrument, using an 80 kV X-ray source, a current 
of 100 mA, and a resolution of 13.15 × 13.15 × 13.15 μm for each voxel. Further details on 
the analytical method and porosity parameter determination are provided in SM Section S5. 
The remaining soil slices were homogenized and separate aliquots were freeze-dried and 
stored at room temperature before analysis for soil TOC, TP, and TN concentrations at the 
University of Guelph, Laboratory Services, Agriculture and Food Laboratory, ON, Canada 
(SM Section S5). 
 
2.7 Saturated hydraulic conductivity  
Another four undisturbed soil cores of 80 mm diameter × 50 mm height each were 
collected from the same site in October 2016. The soil cores were capped at the top and 
bottom and were transported to the lab to study the effect of FTCs on the soil’s saturated 
hydraulic conductivity (Ksat). The caps were removed from both ends, and a ring with a 
porous plate was fitted at the bottom of each core. The soil cores were first saturated from 















a freezer at −5 °C to freeze for 2 days to simulate comparable temperature conditions as for 
the EC, before being allowed to thaw at room temperature. This was repeated until the Ksat 
values were above the measurable Ksat value of the instrument for all soil samples, i.e., 
11,050 cm/d. Triplicate measurements of the Ksat values were done for each of the four 
replicate cores using a UMS Ksat Benchtop Saturated Hydraulic Conductivity Instrument. 
 
3. Results 
3.1 Drainage hydraulics 
As shown in SM Figure S5, the initial drainage properties of both columns were similar 
before the start of the injection experiments. The peak flow rate of the EC was slightly 
higher (2.5 mL/min or 34 mm/h) and sooner (29.5 min) than that of the CC (2.3 mL/min or 
31 mm/h and 35.5 min, respectively), and the EC flow rate stopped sooner (143 min) than 
that of the CC (280 min). At the end of each injection experiment, the average drainage 
rates of the EC were always higher than for the CC, at 1.99 ± 0.06 versus 0.81 ± 0.16 
mL/min, corresponding to 27 ± 1 versus 11 ± 2 mm/h (Figure 2). The drainage rates 
reached 0.5 mL/min in the EC and the CC after 4 h and 3 h, respectively, and 50% of the 
water volume drained out of the columns in less than ~2 h. Therefore, the hydraulic 
retention time was approximately 4 days. In two consecutive injection experiments, the 
average drainage rates decreased by 11 ± 8 % (n = 4) in the CC but increased by 1.7 ± 3.0 
% (n = 4) in the EC. Overall, comparing the average drainage rates between FTC 1 and 
FTC 5, the CC showed a 37% decrease, whereas the EC saw a 6.8% increase. The decrease 















was added in the injection solution. Therefore, clogging in the CC was likely due to the 
relocation of fine particles to lower depths. This, however, was not detected in the EC, 
suggesting that the alternation of freezing and thawing in the top zone of the EC was able to 
counteract potential clogging.  
The trends in drainage rate results observed in the EC are in line with the Ksat values 
measured on the four additional soil cores collected at the same site. While the four soil 
samples had different initial Ksat values, ranging from 1,320 ± 70 to 8,160 ± 2,700 cm/d, 
they all exhibited a sharp increase and reached the instrument measurable limit of 11,050 
cm/d after only three FTCs (SM Figure S6). In other words, the FTCs resulted in an 
increase of the saturated hydraulic conductivity of the bioretention soil after thawing.  
 
3.2 X-ray tomography results 
The results of X-ray tomography analysis for the top undisturbed soil core samples of the 















The specific surface area in the upper 2-4 cm depth interval of the EC soil was lower than 
in the corresponding depth interval of the CC soil. In addition, the average pore hydraulic 
radius, the number of pores, and the average spatial pore density of the EC were higher than 
those of the CC. Since both columns were made of the same soil collected and transported 
to the lab under the same conditions, these differences between the EC and the CC can be 
attributed to the FTCs applied to the EC. During freezing, frost expansion increases 
porewater pressure leading to higher internal stress and soil grain relocation, thus 
deforming the soil pore structure (Ma et al., 2015). Since the bulk volume and the total 
volume of soil grains were constant during FTCs, grain relocation caused the merging and 
shrinking of pores surrounding the relocated grains. Grain relocation and pore deformation 
can cause an increase of the average pore radius size and the spatial pore density as 
observed in the EC (Zhai et al., 2017).  
As can be seen in Figure 3, in the CC the pores were uniformly distributed in space and the 
pore sizes were larger and connected. Conversely, the EC exhibited two groups of pores: 
one group of larger pores, which likely formed through the combination of large pores, and 
another group of small pores and isolated pores that presumably formed due to relocation of 
the soil grains during the FTCs. The pore size statistics confirmed this interpretation: the 
average pore size in the EC was higher than in the CC, whereas the median pore size was 
smaller in the EC (Table 1). This indicates that the frequency of small pores was larger in 
the EC. Given that the maximum pore size was higher in the EC, it follows that the range of 
pore sizes was broader in the EC compared to the CC. These results demonstrate that the 
factor porosity alone, i.e., the portion of non-solid material in the soil, is not a 















was lower for the EC, at 32.5 %, than for the CC at 39.8 %. All these results therefore show 
that FTCs resulted in an increase in the size of the originally large pores and an increase in 
the frequency of small pores, which together explained the wider pore radius range in the 
EC. 
 
3.3 Drainage effluent and porewater chemistry 
Drainage effluent concentration data are presented in Figure 4 and porewater profiles are 
shown in Figure 5 and SM Figures S8 and S9. Even during the freezing periods, porewater 
samples could still be collected up to −1 cm in the EC, indicating only partial freezing of 
the top soil in the EC. The solution injected at the start of a FTC remained in the columns 
for 4 days before the onset of drainage. The pH values of both the CC (7.4 ± 0.4) and EC 
(7.4 ± 0.2) were similar and showed a small decrease of about 0.3 between FTC 1 and FTC 
6 (SM Figure S8). In the drainage effluent of both columns, Br
−
 concentrations averaged 
16.9 ± 3.1 mg/L in the first FTC, because of admixing of original porewater to the injection 
solution supplied to the columns. Thereafter, the concentrations of Br
−
 measured in the 
outflow of FTC 2 to 6 approached the stormwater value of 25 mg/L in both columns. The 
Br
−
 concentrations at the top of the EC were lower than those injected due to dilution by the 
snow meltwater produced during thawing. This temporal trend reflects the complete 
replacement of the initial soil porewater by the added injection solution. The consistency of 
Br
−
 concentrations within each column confirms the reliability of the data from this 
multiple injection experiments. 
In both columns, the drainage and porewater NO3
−
-N concentrations were more than one 



















-N drainage concentrations exhibited a similar trend as those of Br
− 
with a slight 
increase between the first and second FTCs, after which they levelled out at 0.12 ± 0.01 
mg/L during the following four FTCs. The much lower NO3
−
-N concentrations in the 
drainage water, relative to the injection solution, indicate active NO3
−
 consumption, with 
more 96% decrease of the injected mass (SM Figure S7). The colder temperatures in the 
upper 5 cm of soil in the EC compared to the deeper soil maintained at 8 °C, and 
consequently the lower microbial activity, could explain why the highest NO3
−
 porewater 
concentrations in the EC were found near the soil surface. 
While the NO3
−
 concentration trends in the EC and CC were quite similar, they differed for 
TDN. The average drainage TDN value was 2.91 ± 0.78 mg/L for the CC, compared to 
0.87 ± 0.55 mg/L observed in the EC drainage. Dilution by the melting snow alone cannot 
explain the large difference between the two columns. More likely, higher DON 
concentrations leached out of the CC than the EC. This is consistent with the observed 
effluent DOC concentrations, which showed very similar differences between the columns 
as seen for TDN (Figure 4), with significantly higher values for the CC (21.4 ± 5.7 mg/L) 
than the EC (8.5 ± 2.5 mg/L). In addition, the temporal TDN and DOC trends of the CC 
tracked one another, with a molar C:N ratio of around 7. Finally, the much lower NO3
−
 
concentrations (Figure 5) compared to the TDN concentrations (SM Figure S9) suggest that 
large fractions of TDN were comprised of DON. 
From the start of the first drainage period, effluents from both columns had PO4
3−
-P 
concentrations below the MDL of 0.15 mg/L and, therefore, results are not shown in Figure 
4. The TDP concentrations were above the MDL of 8.6 μg/L, but below the LOQ at 43 















TDP, the effluent TDP values appeared to be slightly lower for the EC. However, given the 
very low TDP concentrations, further speculation is not warranted. In both cores, porewater 
concentrations of TDP were highest in the topmost 5 cm of the soils and decreased with 
depth. The PO4
3−
 concentrations showed that other dissolved P species, e.g., dissolved 
organic P (DOP), contributed significantly to TDP, especially in the CC where porewater 
PO4
3−
 concentrations were for the most part below the LOQ. While the porewater TDP 
concentrations in the CC did not display significant variability among the six injection 
experiments, in the EC TDP increased progressively over the six FTCs, in particular at the 
−5 and −11 cm sampling depths (Figure 5). Nonetheless, porewater TDP concentrations 
remained well below the PO4
3−
-P concentration of the injection solution (8.33 mg/L of PO4-
3−
-P), that is, the injected PO4
3−
 was efficiently removed from the solution in both the CC 
and EC. More than 98% of the TDP was removed for both columns and all FTCs (SM 
Figure S7). The very low TDP (and PO4
3−
-P) concentrations in the drainage effluents of the 
CC and EC (Figure 4) further implied that any remaining porewater TDP was sequestered 
by the soil during drainage of the columns. 
The outflow concentrations of SO4
2−
, TDS, TDFe, DIC, DOC, and to a lesser extent TDMn, 
exhibited systematic differences between the EC and CC (Figure 4). While these 
differences can be partly attributed to the inherent variability of each soil, the consistency 
between the replicate injections within each column suggests that the observed differences 
are due to the FTC imposed to the EC. Relatively high SO4
2−
-S concentrations were 
detected in the drainage effluent from the EC (≥ 3 mg SO4
2−
-S/L), with an average value of 
3.94 ± 0.73 mg SO4
2−
-S/L. Chemical analysis of the artificial snow revealed the presence of 
SO4
2−
, with an average concentration of 8.7 mg SO4
2−

















, this would result in an average concentration of 2.18 mg SO4
2−
-S/L 
in the drainage effluent of the EC. The observed excess SO4
2−
-S concentrations in the EC 
drainage therefore imply production of SO4
2−
 in the soil. The identical trends of SO4
2−
-S 





 or TDS leached out of the CC. These trends were confirmed by the 
porewater TDS and SO4
2−
-S concentration profiles. A variety of soil processes can produce 
porewater SO4
2−
. These include the oxidation of reduced minerals and the oxidative or non-
oxidative mineralization of organic S (Stevenson, 1986). The porewater profiles of TDS 
and SO4
2−
 concentrations further showed decreasing trends from FTC 1 to FTC 6. The 
decreases were larger in the CC than EC. For example, between FTC 1 and 6 TDS at −32 
cm dropped from 9.4 to 4.3 mg/L in the CC, and from 5.1 to 3.2 mg/L in the EC. We 
speculate that the lack of measurable SO4
2−
 concentrations in the drainage of the CC was 
not due to a lack of SO4
2−
 production. Rather, SO4
2− 
released to the porewaters of the CC 
was probably consumed subsequently by microbial SO4
2−
 reduction. The sulphide produced 
was further efficiently retained in the CC through formation of iron sulphides or the 
sulphurization of organic matter (Couture et al., 2013; Rickard and Luther, 2007). 
The drainage of the CC also exhibited systematically higher TDFe, DOC and DIC 
concentrations than the EC. Similar to TDS and SO4
2−
, the TDFe and TDMn profiles 
supported the release of aqueous Fe and Mn to the porewater. The TDFe and TDMn 
concentrations in the upper part of the EC were much lower than in the CC.  
The porewater DIC and DOC concentration profiles showed opposite depth and temporal 
trends, consistent with mineralization of DOC producing DIC (Figure 5). In general, the 















while the DIC concentrations were lowest for FTC 1. In addition, the CC exhibited 
significantly higher porewater DOC concentrations than the EC. Dilution by the melting 
snow may in part explain the lower TDFe, DOC and DIC concentrations in the EC. 
However, taken together the differences in solution composition between the EC and CC 
were consistent with higher microbial activity in the CC that remained at a higher 
temperature, whereas the experimental column was maintained at 8 °C below the top 5 cm 
of the soil. Faster enzymatic degradation and mineralization of soil organic matter explain 
the higher DOC (and TDN) and DIC concentrations in the CC effluents, while reductive 
dissolution of the ferric iron oxides present in the engineered soil matrix, coupled to 
organic carbon oxidation, could account for the higher TDFe concentrations for the CC. 
The porewater data further imply that the inter-column differences in microbial activity 
were most pronounced in the uppermost soil, where temperature differences were greatest. 
 
3.4 Solid-phase soil chemistry 
In Figure 6, the depth distributions of TOC, TP, and TN collected in the EC and CC at the 
end of the experiment are compared to the corresponding profiles in the initial soil column. 
As shown by the TOC and TN results, most organic matter in the bioretention soil was 
concentrated in the upper 10 cm, while TP concentrations peaked around −5 cm. Relative 
to the initial column, the EC and CC both showed a depletion of TOC and TN. The changes 
in concentrations were most pronounced in the upper portions of the columns. For instance, 
the TOC concentration in the 0-3 cm depth interval of the initial column was 410 mg/g, 















The observed TOC and TN trends support the key role of organic matter degradation in 
controlling the biogeochemical changes inferred from the drainage and porewater data. The 
very large decrease in the TOC:TN ratio further implied the preferential degradation of 
plant-derived organic matter with a high C:N ratio and, possibly, the addition of N-rich 
microbial biomass (Fenchel et al., 2012). In contrast to TOC and TN, the results implied an 
accumulation of TP in the EC and CC. The TP concentrations were generally lowest in the 
initial column, and highest in the CC. The largest increases in TP concentration were 
observed near the soil surface, with concentrations approaching 1 mg/g. Thus, taken 
together the aqueous and solid-phase data consistently point to very different removal 




 injected into the soil columns. 
 
4. Discussion 
4.1 Bioretention hydraulics and soil porosity 
This study provides multiple lines of evidence that FTCs may enhance infiltration in 
bioretention soils. It also illustrates the key role of macro-pore formation by FTCs in 
maintaining high infiltration rates (> 25 mm/h). An increase in drainage rate following 
freezing and thawing events, as seen here for the EC, has been reported previously in both 
indoor and outdoor bioretention soil column studies (Denich et al., 2013; Moghadas et al., 
2016; Valtanen et al., 2017). The contrasting decrease in drainage rates in the CC is 
attributed to clogging by the downward movement of fine particles, a process often 
observed in bioretention systems (Le Coustumer et al., 2012; Li and Davis, 2008), and 















Clark, 2015). As also suggested by Denich et al. (2013), we propose that FTCs counteract 
clogging, consistent with the observed increases in the saturated hydraulic conductivity of 
the bioretention soil measured upon thawing after successive freezing events. In 
bioretention with an unsaturated top zone, series of FTC would likely affect the soil 
structure and hydrologic regime to a lower extent.  
To the best of our knowledge, this study is the first to demonstrate via X-ray tomography 
imaging that FTCs simultaneously cause the creation of larger pores and increase the 
frequency of smaller and isolated pores. These changes are likely the result of ice 
expansion and soil grain displacement during the FTCs. While several authors have 
hypothesized that additional flow paths are created by FTCs (Mohanty et al., 2014; 
Muthanna et al., 2008), to date, direct supporting evidence remained limited. In addition, 
increased permeability due to increased pore connectivity under ice expansion, as shown 
for example in Al-Houri et al. (2009), Chamberlain and Gow (1979), Eigenbrod (1996) and 
Viklander (1998), has mainly been shown for natural, less sandier soils than typically used 
in bioretention systems.  
The results obtained here in controlled laboratory experiments will have to be verified in 
the field under in situ conditions and as a function of the age of bioretention cells. In 
particular, the role of vegetation needs to be further determined. For example, zones of high 
vegetation density and thick plant roots may leave cavities after plant root decay, hence 
contributing to the soil porosity structure and providing preferential pathways for water 
infiltration (Le Coustumer et al., 2012; Valtanen et al., 2017).  
 




















 were almost completely eliminated from the pore solutions draining out of 
the columns. High elimination efficiencies of NO3
−
 have been observed for bioretention 
cells with an internal water storage zone in temperate climate conditions (Dietz and 
Clausen, 2006; Hunt et al., 2006; Kim et al., 2003; Li and Davis, 2014; Passeport et al., 
2009). For example, with a similar initial NO3
−
 concentration of 20 mg/L, Yang et al. 
(2013) report NO3
−
 removal efficiencies of 91%, for a biphasic saturated – unsaturated 
bioretention system. However, the greater than 96% NO3
−
 removal observed here for the 
EC is surprisingly high considering that NO3
−
 removal tends to be very temperature 
sensitive, with usually higher activity in warmer compared to colder months (Khan et al., 
2012b; Passeport et al., 2009). The long retention time tested, 4 days, was likely the main 





 is not expected to significantly adsorb to the bioretention soil. Rather, 
the main processes responsible for the elimination of NO3
−
 in bioretention cells are likely 
plant- and microbe-driven. Zones with high vegetation can lead to seasonally high NO3
−
 
removal rates due to root uptake (Lucas and Greenway, 2008; Valtanen et al., 2017). 
However, in the column experiments live plants were excluded, in order to better represent 
the no-growth winter conditions. Microbially-mediated processes are therefore the most 
plausible explanation for the consumption of NO3
−
 in both columns. This is consistent with 
the microbial activity linked to the degradation of organic matter inferred from the 
chemical data-series for the drainage outflows, the porewater profiles, as well as the solid-















A variety of microorganisms can produce or consume NO3
−
, while DON, a major 
component of the aqueous N in the present study, can significantly impact nitrogen cycling 
in bioretention cells (Li and Davis, 2014). Ammonification of organic nitrogen produces 
ammonium, which can further nitrify to NO3
−
. However, nitrification has a high theoretical 
oxygen demand of 4.57 g O2/g NH4-N, and an observed oxygen demand of about half the 
theoretical value in treatment wetland systems (Kadlec and Wallace, 2008). No data exist 
for the actual stoichiometry of ammonium nitrification to NO3
−
 in bioretention systems, but 
the oxygen demand can be expected to be of the same order of magnitude as measured in 
wetlands, especially for bioretention cells with an internal storage zone as simulated here. 
Given that the two columns were fully saturated for 4 days before draining was initiated, it 
is unlikely that much oxygen was available to support nitrification. Thus, the discussion 
focuses primarily on possible NO3
−
 consumption pathways. 
Previous studies have shown that the water retention time is a key parameter to support 
microbial activity and enhance NO3
−
 removal, in particular in colder months (Chen et al., 
2013; Lucas and Greenway, 2008; Passeport et al., 2009). The results here show that 
dissimilatory Mn, Fe and SO4
2−
 reduction coupled to organic matter degradation occurred 
while the columns were water-saturated, thus indicating the dominance of anaerobic 
microbial activity. Anaerobic microbial processes affecting N include dissimilatory NO3
−
 
reduction to ammonium (DNRA), anaerobic ammonium oxidation (Anammox), and 
denitrification. The low TDN concentrations in both columns, mainly consisting on DON, 
imply a net loss of aqueous N, likely as the gaseous species N2 and N2O. This in turn 















Anammox can be a major sink of aqueous N in marine sediments and other environments 
(Francis et al., 2007). Anammox bacteria have also been detected in several water treatment 
systems such as wetlands (Erler et al., 2008; Humbert et al., 2012). However, contrary to 
denitrification, Anammox is not directly coupled to organic matter degradation. The 
observed decreases in DOC and TOC concentrations with time thus suggest that 
denitrification is likely the main process responsible for the removal of NO3
−
 in the two 
columns. The high NO3
−
-N concentrations injected, i.e., 5.65 mg NO3
−
-N/L, the moderately 
high soil organic carbon content, up to 80 mg/g (i.e., 8%), and the anaerobic conditions 
during the water-saturated periods are all conducive to denitrification. Future work 
involving molecular biology and isotopic signatures would be particularly helpful to 
confirm the proposed dominant role of denitrification. 
Rezanezhad et al. (2017) studied the effect of FTCs on NO3
−
 consumption in peat soils. The 
authors showed that large macropores accelerate the delivery of NO3
−
 to denitrifying 
organisms that preferentially reside in immobile regions such as smaller and isolated pores. 
They demonstrated that when the volume of immobile porewater increases, as found for the 
EC, denitrification rates increase due to enhanced diffusive exchange of NO3
−
 between 
mobile and immobile pore domains. Thus, the FTC-induced changes in the pore structure 
(i.e., more connected large pores and more smaller pores) may represent an additional 
factor promoting denitrification in the EC. The interactions between soil structure and 
microbial activity in bioretention cells clearly deserves further attention. 
 















Phosphorus elimination from stormwater runoff in bioretention cells mainly occurs via 
adsorption onto soil particle surfaces (Hunt et al., 2012; Li and Davis, 2016; Yan et al., 
2016). This is also the case in this study and explains the increase in soil TP concentrations 
in the CC and EC relative to the initial column, indicating P accumulation in the soil matrix 
following the repeated injections of the solution. Phosphate is likely removed via 
adsorption onto the iron and aluminum oxides that were added to the bioretention soil, as 
well as the top mulch layer. While phosphorus can be retained by fixation to Fe(III) oxides 
under aerobic conditions, reducing conditions usually lead to phosphorus release because of 
the reductive dissolution of Fe(III) to Fe(II) (Boström et al., 1988; Parsons et al., 2017). 
Despite the strong reducing conditions imposed, TDP removal remained high for the entire 
duration of the experiment. This may indicate that a significant fraction of PO4
3− 
adsorption 
took place on the aluminum oxides, which are not affected by changes in redox conditions.  
As observed in other studies, our results show that while PO4
3−
 was adsorbed in the top 
layers of the soil column, it was subsequently able to migrate to lower depths, likely due to 
the downward movement of P-laden soil particles (Hsieh et al., 2007). Despite the very 
high TDP removal capacity, above 98% in both columns, higher TDP porewater 
concentrations and lower TP soil concentrations imply less TDP adsorption in the upper 
half of the EC than the CC. Possibly, this is due to the creation of larger pores in the top 
portion of the EC by the FTCs, as well as the higher frequency of isolated small pores, both 
of which reduce the contact surface area available for porewater TDP to reach adsorption 
sites.  
The above finding has important design implications. While several engineered 















adsorption (Hunt et al., 2006; Liu and Davis, 2014; Lucas and Greenway, 2011; Yan et al., 
2016), the soil matrix composition alone should not be the sole factor to be taken into 
consideration when optimizing TDP removal in areas where FTCs occur. As the pore size 
distribution may change because of the freezing and thawing of the soil, it may be prudent 
to design bioretention cells that are sufficiently deep so that a significant portion of the soil 
remains unfrozen at all times. In this study, approximately 40 cm of the bioretention soil 
remained unfrozen during the FTCs, which was sufficient to retain the porewater TDP 
infiltrating to the lower portion of the EC. As the freezing depth is typically less than 20 cm 
in most temperate cold climate regions (Henry, 2007), it can be expected that most 
currently selected bioretention soil depths, typically around 50 to 100 cm, would be 
sufficient to maintain high phosphorus retention in sub-boreal regions. 
 
5. Conclusions 
This study evaluated the nutrient removal capacity of bioretention cells during FTCs under 
temperate cold climate conditions. The results showed that consecutive FTCs result in 
larger pores and a higher frequency of small and isolated pores that, together, help maintain 
the high infiltration rates required for the proper hydrological functioning of bioretention 
cells. The presence of an internal water storage zone below the freezing front and a high 
hydraulic retention time were found efficient to create a favorable environment for the 
removal of NO3
−
 by denitrification. The results also suggest that bioretention cells should 
be sufficiently deep in order to capture all aqueous PO4
3−
. In addition, a soil media with 















to sustain long-term phosphorus retention. Future studies should evaluate the performance 




 concentrations, hydraulic 
retention times, and variable FTC frequency and intensity. Finally, FTC effects on soil 
structure, hydrology, and nutrient removal observed in the column studies should be 
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Appendix B. Videos 
Two videos, one from the CC and one for the EC, representing a dynamic rotation of the 
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Soil dimension (voxels) 902×902×490 880×880×450 
Bulk volume (mm
3
) 906.5 792.4 
Number of pores 888,797 952,047 





 bulk) 12.4 7.4 
Average pore hydraulic radius (mm) 0.032 0.044 
Average spatial pore density (counts/mm
2
 bulk/slice) 12.9 15.8 
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 Effects of freeze-thaw cycles (FTCs) on bioretention performance were assessed 
 Column experiments were conducted with soil from an active bioretention cell 
 FTCs resulted in larger pores and more small pores maintaining high infiltration 
 Very high nitrate and phosphate removal was observed in the soil columns 
 With proper design, bioretention cells are efficient under cold winter conditions 
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